We employ a homogenization technique based on the Lorentz electronic theory to show that planar chiral structures (PCSs) can be described by an effective dielectric tensor similar to that of biaxial elliptically dichroic crystals. Such a crystal is shown to behave like a PCS insofar as it exhibits its characteristic optical properties (co-rotating elliptical polarization eigenstates and asymmetric transmission for left/right-handed incident wave polarization). Elliptical dichroism is thus proposed as a general optical mechanism behind planar chirality in a PCS of any geometry. OCIS codes: 050.2065OCIS codes: 050. , 160.1245OCIS codes: 050. , 160.1585OCIS codes: 050. , 160.1190 Metamaterials show promise for a wide range of unusual physical phenomena rare or absent in nature [1, 2] , including giant optical activity [2, 3, 4, 5] . Recently, planar chiral structures (PCSs) were introduced as a distinct class of metamaterials. They consist of planar metallic [6, 7] or dielectric [8, 9] elements deposited on a flat substrate. The elements have a sense of "twist" and cannot be superimposed with their inplane mirror image. PCSs are asymmetric in electromagnetic wave propagation for right-handed (RH) vs. left-handed (LH) circularly polarized incident wave. Unlike more common 3D or bilayer chiral metamaterials [3, 5, 10] , which resemble bi-isotropic or gyrotropic media, PCSs have their properties changed when the direction of wave propagation is reversed (enantiomeric asymmetry [11] ). They also differ from Faraday media (also known to have related asymmetry) because PCSs have co-rotating elliptical polarization eigenstates [7] while in bi-isotropic or Faraday media the eigenstates always come in pairs of RH and LH polarization.
We employ a homogenization technique based on the Lorentz electronic theory to show that planar chiral structures (PCSs) can be described by an effective dielectric tensor similar to that of biaxial elliptically dichroic crystals. Such a crystal is shown to behave like a PCS insofar as it exhibits its characteristic optical properties (co-rotating elliptical polarization eigenstates and asymmetric transmission for left/right-handed incident wave polarization). Elliptical dichroism is thus proposed as a general optical mechanism behind planar chirality in a PCS of any geometry. Metamaterials show promise for a wide range of unusual physical phenomena rare or absent in nature [1, 2] , including giant optical activity [2, 3, 4, 5] . Recently, planar chiral structures (PCSs) were introduced as a distinct class of metamaterials. They consist of planar metallic [6, 7] or dielectric [8, 9] elements deposited on a flat substrate. The elements have a sense of "twist" and cannot be superimposed with their inplane mirror image. PCSs are asymmetric in electromagnetic wave propagation for right-handed (RH) vs. left-handed (LH) circularly polarized incident wave. Unlike more common 3D or bilayer chiral metamaterials [3, 5, 10] , which resemble bi-isotropic or gyrotropic media, PCSs have their properties changed when the direction of wave propagation is reversed (enantiomeric asymmetry [11] ). They also differ from Faraday media (also known to have related asymmetry) because PCSs have co-rotating elliptical polarization eigenstates [7] while in bi-isotropic or Faraday media the eigenstates always come in pairs of RH and LH polarization.
In this Letter, we report elliptical dichroism to be a common mechanism of planar chirality as an optical phenomenon. Traditionally, the properties of chiral metamaterials are investigated on the level of resonant electromagnetic response in an individual element [10, 12] , which heavily depends on its shape. Such a treatment has to be performed separately for different PCS designs. Recently, a wide variety of PCS geometries were reported, based on gammadions [6] , fish scales [7] , split rings [12] , and even on specific arrangements of individually achiral elements (extrinsic chirality [13] ). Thus, there is a need for a "macroscopic" description that would make planar chirality available for studies on an abstract crystallographic level, similar to other optical phenomena like birefringence or optical activity, which lend themselves to an intuitively clear explanation based on different propagation velocity for different linear or circular polarizations.
The idea of regarding elliptical dichroism as an optical mechanism of planar chirality is suggested, on the one hand, by earlier theoretical studies of absorptive biaxial crystals [14] , and on the other hand, by the results of Lorentz theory based homogenization scheme for chiral split-ring (CSR) structures studied in [12, 13] . We show that a bulk elliptically dichroic medium exhibits all the characteristic properties of PCS, namely (i) co-rotating elliptical polarization eigenstates, (ii) asymmetric transmission for RH vs. LH circularly polarized incident wave, and (iii) enantiomeric asymmetry and change of properties for different direction of wave propagation. An explanation of planar chiral properties is offered in terms of combined action of birefringence and dichroism.
We begin by considering, as an example, a CSR unit cell shown in Fig. 1 [12] . For planar elements (as opposed to 3D or bilayer ones), the electric response is expected to be dominant because the magnetic moment is parallel to the direction of wave propagation [7] . Hence, one can arrive at homogenized properties of such a material by considering its response within the framework of the electronic Lorentz theory by using the relationε eff E = E − (4π/iω)e Nv where N and v are the electron concentration and velocity [15] . These are position-dependent in a structured material. To derive the effective dielectric tensorε eff , one needs to average over the unit cell. Assuming d ≪ R, we can consider the electrons in the ring to be mobile in the azimuthal direction so that v m = Rφe ϕ andφ + γφ + ω 2 0 ϕ = (e/Rm e ) e ϕ · E m . The electrons in the dielectric substrate are bound and their velocity v d in response to the electric field is position independent. The averaging is then performed as
For the structure shown in Fig. 1 , integration in Eq. (1) results in a complex symmetric tensorε eff
Its components depend on dielectric constants of metal
as well as on the geometrical parameters, e.g., the angles α 1,2 and β 1,2 ( Fig. 1 ). Fig. 2 shows the dependencies ε x,y,xy (ω), the analytic expressions too bulky to include here. If the split ring is symmetric (β 2 = 0, α 1 = α 2 , or β 1 = β 2 ), then ε xy = 0 and the tensor (2) supports two linearly polarized eigenwaves different in their attenuation (linear dichroism). Such CSRs display no planar chirality at normal incidence [13] . Otherwise (when planar chirality is present), ε xy = 0 and the eigenpolarizations are elliptical, so the constructed effective medium is elliptically dichroic.
Furthermore, it can be shown that elliptical dichroism appears to explain the essential optical properties of planar chiral metamaterials. To this end, we rewrite the tensorε eff in axial representation (assuming, for further simplicity, a monoclinic crystal as a particular case of biaxial media [14] ) in the form
where the vectors c ′ and c ′′ determine the optical axes. The notation c ⊗ c denotes a tensor obtained by the dyadic product so that (c ⊗ c) i j ≡ c i c j . At any fixed frequency, one can recover the polarization eigenstates in such a medium by considering its normal refraction tensor N H [16] . For a non-magnetic media and a normally incident wave it can be shown that where q is a unit vector normal to the plane and q × is an antisymmetric tensor defined as (q × ) u ≡ q × u. The eigenvectors H 1,2 of N H represent the polarization states of the field that are preserved as the wave propagates along the vector q. If the polarization is circular or elliptical, the right-or lefthandedness of H j is determined by the sign of the product
. The condition for co-rotation of polarization eigenstates then becomes
For anisotropic media without absorption, it follows that η = 0, indicating that the eigenstates have linear polarization. For bi-isotropic chiral or Faraday media, it can be shown that η < 0, which means that circular or elliptical polarization eigenstates are counter-rotating. However, for the dielectric tensor of Eq. (3) where c ′ ≡ e x cos φ + e y sin φ and c ′′ ≡ e x cos ψ + e y sin ψ, Eqs. (4) and (5) Fig. 3 shows the dependence of η on the orientation of the vectors c ′ and c ′′ . As expected, one can see that polarization eigenstates [calculated from Eq. (4)] are indeed co-rotating except in the uniaxial case φ = ψ corresponding to linear rather than elliptical dichroism. Both eigenstates reverse their handedness when the line φ = ψ is crossed. Including gyrotropy inε by means of an antisymmetric term would result in a negative addition to η, which is adverse for planar chirality.
Having established that an elliptically dichroic material has the same polarization eigenstates as a PCS, we consider the spectral properties of a single layer made from such a material. Its transmittance can be obtained by constructing the singlelayer wave evolution operator (e.g., as in [16] ), which is a generalization of the transfer matrix method [17] for bianisotropic media. In calculating the spectra, we assume the Lorentzian resonance to be broad enough so that one can neglect the influence of material dispersion. Fig. 4 shows the spectra for the LH/RH circularly polarized incident wave. It can be seen that the transmission of LH vs. RH-polarized incident wave is clearly asymmetric. For higher frequencies, transmission spectra become flat. This is caused by the absence of material dispersion, so that spectrally uniform elliptical dichroism results in spectrally uniform planar chiral behavior. Real metamaterials are dispersive and thus elliptically dichroic only in a narrow spectral range close to resonance (see Fig. 2 ). Hence real PCS display planar chirality in a resonant manner, in accordance with earlier findings [7, 12] .
If the material is replaced with its enantiomeric counterpart (obtained by φ → −φ , ψ → −ψ), the LH/RH plots are exchanged (Fig. 4) . Same thing happens if the wave propagates in the opposite direction as the enantiomers are also exchanged when q → −q. This agrees with experimental results for PCSs [12] and with the Lorentz homogenization scheme.
When an incident circularly polarized wave travels through the slab, two processes can be seen in the evolution of its polarization. First, the wave experiences polarization mixing similar to what happens in a birefringent crystal (LH ↔ RH). This is associated with the oscillatory portion in the spectra (Fig. 4) . As the wave propagates further, it assumes the polarization matching one of the eigenstates in orientation and both eigenstates in handedness. So, a circularly polarized wave whose handedness does not match that of the eigenstates has to undergo polarization conversion, as reported, e.g., for fish-scale PCS [7] . The mechanism of this conversion can be understood from the combined action of anisotropy and dichroism. The former assures that the two linear polarization components travel at different speeds, so that mixing of polarization occurs. The latter causes the two circular polarization components to be attenuated differently, so in the mixing process one of the circular components is diminished until only the other one (matching the eigenstates) is finally present.
To summarize, we have shown that bulk media with elliptical dichroism exhibit optical properties characteristic for PCSs. First, the elliptical polarization eigenstates are corotating (Fig. 3) . Second, transmission for LH/RH-polarized incident wave is asymmetric and is exchanged if the material is replaced with its enantiomeric counterpart (Fig. 4) . Finally, an elliptically polarized wave propagating in such a material undergoes LH-to-RH polarization conversion (or vice versa) so as to match the polarization eigenstates. The model medium is described solely by a complex symmetric dielectric tensor whose structure coincides with the results of explicit homogenization of an example split-ring PCS.
The results obtained show that a crystallographic approach is possible in studying PCSs and offer a theoretical starting point for analyzing planar chirality as an optical phenomenon, separately from the influence of resonant behavior associated with specific metamaterial geometry. One can use existing bianisotropic multilayer solvers (see [18] ) to efficiently model more complex PCS-based optical devices, with possible applications in polarization-sensitive integrated optics.
